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Abstract 
Al, Al-Si and Cr-Al-Si coatings are prepared onto IC20 alloy by powder pack cementation to improve the oxidation resistance 
of the alloy. The isothermal oxidation behaviors of the coatings and the uncoated IC20 alloy at 1 100 °C are comparatively in-
vestigated. For the coatings, less weight gains are obtained compared to the uncoated alloy after 100 h thermal exposure. The 
Al-Si coating exhibits the best oxidation resistance, while the addition of Cr accelerates the scale spallation. Phase transforma-
tion from 	-NiAl to  and  occurs in the coating after oxidation for extended periods. The oxidation protection and degradation 
mechanisms for these coatings are discussed. 
Keywords: superalloys; coatings; powder pack cementation; microstructure; oxidation resistance 
1. Introduction1 
The load-bearing structural materials applied to ad-
vanced gas turbine engines have to face increased op-
erating temperatures with the continuous demand for 
high efficiency and low consumption in the aerospace 
field. Nickel aluminide (NiAl) and Ni3Al-based inter-
metallic composites have been widely used as struc-
tural materials in gas turbines due to their exciting 
properties such as high melting point, low density, 
good high- temperature mechanical properties and ex-
cellent oxidation and hot-corrosion resistance[1-4]. 
A new Ni3Al-based alloy IC20 has been recently 
developed by Beihang University which exhibits ex-
cellent high-temperature mechanical properties. How-
ever, the poor oxidation and hot-corrosion performance 
due to a high level of Mo are the obstacles to its appli-
cation. In order to solve this problem, extensive atten-
tions have been drawn to surface modification of this 
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alloy. Aluminide coatings have been produced onto the 
IC20 alloy substrate either by a pack cementation me-
thod or a vapor aluminizing process for protecting 
hot-section components due to their good oxidation 
resistance and low cost[2, 5-6]. Despite their great poten-
tial, the Al2O3 scale formed on the coating surface 
could easily spall during cyclic oxidation. Therefore, 
alloying elements such as Cr, Si and reactive elements 
such as Hf, Zr and Y are doped in the coatings which 
have been demonstrated to be beneficial to the oxida-
tion and hot-corrosion resistance of the aluminide 
coatings[7-12]. Despite these studies, the effect mecha-
nism of Cr and Si on the aluminide coating has not 
been clarified yet. 
In this work, three different coatings, denoted as Al, 
Al-Si and Cr-Al-Si coatings, were prepared onto IC20 
alloy by the pack cementation method. The micro-
structures and isothermal oxidation behavior of the 
coatings and the uncoated IC20 alloy were investigated. 
Effort has also been made to understand the associated 
oxidation protection and failure mechanisms of the 
coatings. 
2. Experimental Procedures 
Ni3Al-based single crystal superalloy IC20 was used 
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as substrate materials, with the nominal composition 
listed in Table 1. Specimens with dimensions ofR 10 
mm×3 mm were machined and ground by 800-grit SiC 
paper. The specimens were ultrasonically cleaned in 
acetone for 30 min and then dried. 
Table 1  Nominal composition of IC20 alloy  
wt%   
Alloy Ni Al Mo Re 
IC20 Balance 8-9 10-13 2-3 
 
The Al, Al-Si and Cr-Al-Si coatings were prepared 
by powder pack cementation. The chemical composi-
tions of corresponding pack mixtures were 10Al- 
3NH4Cl-87Al2O3, 24Cr-3NaF-73Al2O3 and 10Al-10Si- 
5NaF-75Al2O3 (in wt
). Proportioning was carried out 
according to the predetermined ratio and then the pow-
ders were mixed by tumbling in a ball mill for 2 h. 
The specimens were buried by the pack mixtures in 
a circular crucible with a lid. Argon (purity 99.99
) 
was filled into the furnace chamber as a protective at-
mosphere during aluminizing. The Al coating was pre-
pared at 850 °C for 90 min and the Al-Si coating at   
1 100 °C for 90 min. The Cr-Al-Si coating was pre-
pared by two steps: first infiltrated Cr at 1 300 °C for  
5 h, and then infiltrated Al-Si at 1 300 °C for 90 min. 
Isothermal oxidation tests of the coated specimens 
and the uncoated alloy were performed at 1 100 °C for 
100 h, and the weight changes were measured by an 
electronic balance (Sartorious CPA 225D, Germany) 
with a precision of 10-5 g. The specimens were 
air-quenched and weighed when oxidized for 1, 4, 7 
and 10 h and then every 10 h after initial 10 h oxida-
tion. 
The microstructures of the specimens were charac-
terized by an Apollo 300 field emission-scanning elec-
tron microscope (FE-SEM) equipped with energy dis-
persive X-ray spectrum (EDXS). The chemical compo-
sitions of the coatings and the oxides grown on the 
coatings and the uncoated alloy were determined by an 
electron probe micro-analyzer (EPMA, JXA-8100). 
The phases of the oxides were identified by X-ray dif-
fraction (XRD, D/max2200PC) using Cu Ka radiation. 
3. Results and Discussion 
3.1. Microstructures of the coatings 
The chemical composition of the as-prepared coat-
ings are listed in Table 2. The coatings mainly consist 
of Ni2Al3 and 	-NiAl phases, as identified by XRD 
analysis presented in Fig. 1. It is notable that the outer 
layer of the Al coating also includes a small amount of 
-Al2O3, for the coating surface was slightly oxidized 
during coating preparation. 
Figure 2 shows the morphologies of cross-sections 
of the as-prepared Al, Al-Si and Cr-Al-Si coatings. It 
can be seen that the dense coatings are intimately 
bonded to the underlying substrates. The Al coating is 
composed of an outer layer with a thickness of ~35 m 
and an interdiffusion zone (IDZ), as shown in Fig. 2(a). 
The predominant phases of the outer layer are Ni2Al3 
and 	-NiAl determined by EDXS and XRD results, 
while the IDZ includes many white particles enriched 
in Mo, a refractory element in the superalloy substrate. 
The Al-Si and Cr-Al-Si coatings exhibited the same 
structure as the Al coating (Figs. 2(b)-(c)). It is slightly 
Table 2  Chemical composition of as-prepared coatings 
wt% 
Coating Ni Al Mo Si Cr Re 
Al 45.44 46.32 6.43 - - 1.81
Al-Si upper 61.30 33.86 0.43 3.39 - 1.02
Al-Si lower 64.24 30.01 0.52 3.97 - 1.26
Cr-Al-Si upper 57.45 33.53 0.37 3.57 4.02 1.06
Cr-Al-Si lower 59.84 29.83 0.54 4.44 4.49 0.86
 
Fig. 1  XRD patterns of as-prepared coatings. 
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Fig. 2  BSE images of cross-sections of as-prepared coat-
ings.  
different that the outer layers of these two coatings 
display a double-layer structure. For the Al-Si coating, 
the upper layer is ~10 m in thickness and the lower 
~45 m. EDXS and XRD results reveal that the former 
is composed of Ni2Al3 and 	-NiAl, and the lower 
mainly consists of 	-NiAl. Apart from Mo, the IDZ of 
the coating also contains Si and Re. For the Cr-Al-Si 
coating, the upper layer is ~20 m in thickness and the 
lower ~35 m, with the same phase constituent as the 
Al-Si coating. The IDZ of the coating is rich in Si, Cr, 
Mo and Re. 
3.2. Isothermal oxidation tests of the coatings and
 the uncoated alloy at 1 100 °C 
Isothermal oxidation kinetics of the specimens are 
shown in Fig. 3. All the specimens exhibited similar 
mass gain during the first 10 h oxidation except the 
bare alloy, which developed rapid oxide growth in the 
early oxidation and kept high oxidation rate during the 
whole range. With the oxidation time, more mass gain 
was obtained for the Al coating compared to the other 
coatings. Results reveal that the coatings prepared by 
powder pack cementation can significantly protect the 
IC20 alloy from high-temperature oxidation and the 
addition of Si can effectively improve the oxidation 
resistance of the Al coating. The oxidation kinetics 
curve of the Al coating includes a typical linear stage. 
This is because as soon as spallation of the oxide scale 
occurred, new oxides would regenerate on the spalled 
areas subsequently. The Cr-Al-Si coating shows a little 
higher mass gain than the Al-Si coating. Cr appears to 
cause the formation of precipitates containing Cr, Re, 
and Mo. These particles are believed to disrupt the 
coating-oxide adhesion causing increased scale spalla-
tion [13]. The addition of Cr to 	-NiAl has been reported 
to accelerate the - to -Al2O3 phase transformation. 
Possibly this occurs by increasing the number of  nu-
clei. This mechanism would also result in a finer 
-Al2O3 grain size. By increasing the number of grain 
boundaries, which has been shown to be the only vi-
able diffusion pathway in -Al2O3, the scale growth 
could be increased[13]. Moreover, the Cr-rich oxides 
could transform into volatile CrO3 at high temperature. 
The volatilization of CrO3 could weaken the scale ad-
hesion[14]. 
 
Fig. 3  Isothermal oxidation kinetics of the specimens dur-
ing 100 h thermal exposure at 1 100 °C. 
The top-views of surface morphologies of the oxide 
scales grown on the specimens after 100 h oxidation 
are given in Fig. 4. Bulk Spallation and severe rum-
pling of the oxide scale are observed on the bare alloy 
surface (Fig. 4(a)). Also some cracks exist in the sur-
face oxides. The surface oxide layer exhibited a multi-
story structure which was porous and non-protective. 
Most of the oxides are believed to be NiMoO4 deter-
mined by EDXS and XRD (Fig. 5). Due to high Mo 
content of the underlying alloy, MoO2 and MoO3 can 
be easily formed at high-temperature which could 
weaken the scale adhesion and accelerate the oxidation 
rate of the alloy. This is consistent with the oxidation 
kinetics of the bare alloy. For the Al coating, a small 
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Fig. 4  Surface morphologies after oxidation at 1 100°C for 
100 h. 
amount of oxides peeled off and some of them re-
mained on the coating surface (Fig. 4(b)). The oxide 
layer is denser than that of the bare alloy which con-
sists of NiAl2O4 and a few Al2O3 according to the XRD 
results (Fig. 5). Cracks are also found in the surface 
scale. These cracks can easily originate and propagate 
in the oxide scales under the attack of thermal stress 
and growth stress[15]. The surface oxide layer shows the 
same structure as the bare alloy. In contrast to this, the 
oxide scales formed on the Cr-Al-Si and Al-Si coatings 
revealed continuous and dense surface which only con- 
sist of -Al2O3 (Figs. 4(c)-(d)). Slight spallation is ob-
served on the scale surface, indicating an improved 
scale adhesion. The addition of Si prevents the outward 
 
Fig. 5  XRD patterns after oxidation at 1 100 °C for 100 h. 
diffusion of Mo, increasing bonding strength between 
the oxide scale and the coating. The Al-Si coating is 
denser compared to the Cr-Al-Si coating. A spalled 
area covered with a newly-formed -Al2O3 is observed 
on the Cr-Al-Si coating surface. It is suggested that the 
addition of Cr weakens the coating-oxide adhesion. 
Figure 6 shows the morphologies of cross-sections 
of the bare IC20 alloy and the coatings after oxidation 
at 1 100°C for 100 h. It is notable that the oxide scale 
of the bare alloy includes four layers (Fig. 6(a)). The 
oxide film surface is covered with NiO, while the layer 
beneath it is a mixture of NiO, NiAl2O4, NiMoO4 and 
other oxides. The third layer consists of NiAl2O4 and 
Al2O3, whereas the bottom layer only includes Al-rich 
oxides. Beneath the oxide scale some Ni-rich phases 
are detected. It can be concluded that the remarkable 
mass gain of the bare alloy results from the rapid 
growth of NiO and other mixed oxides. As the oxida-
tion prolonged, spallation of the oxide scale occurred 
and new oxides regenerated, which further increased 
the mass gain of the bare alloy. After oxidized for  
100 h, the Al2O3 crucibles used for the IC20 alloy 
turned blue, which might be attributed to the reaction 
between the oxide scales and the crucibles[16]. This can 
also confirm that severe spallation of the oxide scales 
has occurred. For the Al coating, an oxide layer with a 
combination of NiAl2O4 and Al2O3 was formed on the 
coating surface (Fig. 6(b)). Slight internal oxidation 
occurred, and several voids appeared in the oxide scale. 
The coating beneath the oxide scale has transformed 
into -Ni and -Ni3Al from 	-NiAl. Some brighter 
phases exist in the coating, which are believed to be 
Mo-rich phases determined by EDXS and EPMA. In 
contrast to this, a continuous, dense and adherent 
-alumina scale is observed on the Al-Si and Cr-Al-Si 
coating surface (Figs. 6(c)-(d)). Internal oxidation or 
spinel formation did not occur even after 100 h iso-
thermal exposure. The identification of -Al2O3 is 
based on its morphological difference from -Al2O3. It 
is known that -Al2O3 shows a needle-like morphology, 
while -Al2O3 exhibits a dense and equiaxed struc-
ture[17-19]. A few cracks are observed in the oxide scale 
of the Cr-Al-Si coating which do not exist on the Al-Si 
coating surface. With oxidation time, some bulk  and 
 phases were precipitated along the coating grain 
boundaries due to the depletion of Al from the coat-
ings. 
In engine service, the drastic consumption of Al leads 
to the coating degradation which results from forma-
tion of the oxide scale and interdiffusion with the su-
peralloy substrate. For the Al, Al-Si and Cr-Al-Si coat-
ings, a desirable 	-NiAl outer layer is obtained on each 
coating surface which can offer a potential reservoir of 
Al. After long-term thermal exposure, the 	-NiAl phase 
could transform into -Ni3Al phase and eventually 
-Ni phase. The 	- phase transformation is mainly 
caused by the depletion of Al[20-22]. In the alu minide 
coatings, the oxidation resistance is mainly provided 
by the 	 phase. The reduction of 	 phase means the 
loss of coating protection. 




Fig. 6  BSE images of cross-sections after oxidation at 1 100 °C for 100 h.  
After 100 h oxidation, the Al coating has changed to 
 and , while the Cr-Al-Si and Al-Si coatings still 
mainly consist of 	 phase, which reveals a better oxi-
dation resistance than the Al coating. The outer layers 
of the Cr-Al-Si and Al-Si coatings contain a certain 
amount of Si, which contributes to the promotion of 
the selective oxidation of Al[23]. In addition, the exis-
tence of Si in the coating could retard the spallation of 
the oxide scale, resulting in improved scale adhe-
sion[24-28]. Since the formation energy of Mo-Si is low 
(130 kJ/mol at 1 173-1 623 K)[29], the Mo atoms can be 
strongly attracted by the Si atoms, which increases the 
diffusion activation energy of Mo. When the content of 
Mo is high, MoO2 and MoO3 can be easily formed at 
high temperature, which is detrimental to the oxidation 
performance of the coating. The content of Mo in the 
Al coating is 8.81, 0.56 in the Al-Si coating and 1.26 in 
the Cr-Al-Si coating (determined by EPMA, in wt
). 
It is remarkable that the contents of Mo in the Al-Si 
and Cr-Al-Si coatings are much lower than that in the 
Al coating, which indicates a better oxidation resis-
tance. Cr could promote the selective oxidation of Al. 
However, addition of Cr weakens the coating-oxide 
adhesion and volatile CrO3 will generate when the 
content of Cr is high, which has been discussed above. 
Therefore, the Al-Si coating has a better oxidation re-
sistance compared to the Cr-Al-Si coating. In the IDZ 
of the Cr-Al-Si and Al-Si coatings, the presence of Si, 
Mo and Re-rich precipitates could also slow down the 
interdiffusion between the coating and the substrate to 
some extent[30], which is beneficial to the supply of Al 
for oxide growth. Due to this, unlike the Al coating, 
significant degradation did not occur in the Cr-Al-Si 
and Al-Si coatings. 
4. Conclusions 
The Al, Al-Si and Cr-Al-Si coatings were produced 
onto IC20 alloy by powder pack cementation and their 
isothermal oxidation behavior at 1 100 °C was investi-
gated. Following conclusions can be drawn: 
1)All the coatings exhibit a significant improvement 
in the oxidation resistance as compared to the bare al-
loy.  
2)The addition of Si to the Al coating has some 
beneficial effects on the high-temperature oxidation. 
3)The addtion of Cr to the Al-Si coating accelerates 
the scale spallation.  
4)After 100 h oxidation, the Al coating has degraded 
from 	 to  and , while the Al-Si and Cr-Al-Si coat-
ings still mainly consist of 	 phase, which reveals that 
these coatings still have a good protection. 
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